Abstract: Two novel small specimen creep testing techniques are presented in this paper. The pin-loaded small one-bar specimen (OBS) and the small notched specimen with four loading pins (SNS4) are designed to determine the remaining lifetime for the high-temperature components. The small OBS is suitable for use in obtaining both uniaxial creep strain and creep rupture life data and the SNS4 is designed to obtain the multiaxial behaviour using small material samples. The specimens can be made from small material samples removed from the component surface or from the heat-affected zone. The specimens can be loaded through pin connections for testing. A conversion relationship and conversion factor have been obtained and used to convert the OBS creep data to the corresponding uniaxial data. For validation two materials have been used, P92 and P91 steels at 650°C. The advantages of these testing techniques are highlighted; the recommendations for future research are also given.
Introduction
Many of the engineering components in chemical plants, power generation plants, aero-engines and oil refineries operate at temperatures and/or stresses which are high enough to cause creep to occur [1] [2] [3] . Creep failure of these components normally leads to significant damage financially, environmentally as well as the loss of human lives in most cases. In order to improve safety, efficiencies and lower emissions and fuel consumption, new materials are being introduced to the industries mentioned above and these materials are being subjected to increasingly severe loading conditions (see [4] [5] [6] ). In order to ensure the safe operation of components, improved understanding of the creep behaviour of the materials being used to manufacture them and improved inspection techniques are required [1, 7, 8] . One effect of the desire to improve understanding of material behaviours and to obtain better inspection techniques is the need, in some cases, to uses small material samples [9] [10] . This comes about because small scoop samples (see Figures 1 and 2 ) with depth of 3 mm and radius of 15 mm can be removed from some components, for example, steam pipes and pipe bends in the power plants, without adversely affecting their safe operation. Also, for some material zones, for example, the heat-affected zones (HAZ) of welds, only small amounts of material are available for testing.
A conventional cylindrical uniaxial creep test specimen (see Figure 3 ) with total length of about 130 mm and diameter of 16 mm, or the Bridgeman notched specimen (see Figure 8 ) cannot be manufactured out of a typical scoop sample or from the HAZ region of weld because the scoop samples and the HAZ region are far too small to allow these specimens to be extracted from them. Therefore, it has become necessary to develop small specimen creep testing techniques, whereby reliable creep data can be obtained using small material samples [11] [12] [13] . The limitations associated with the previous small specimens creep testing techniques made them unable to replace the uniaxial and the Bridgeman notched specimens when there is not enough material for creep assessment. However, pin-loaded small one-bar specimen (OBS) and the small notched specimen with four loading pins (SNS4) presented in this paper are designed to overcome the limitations associated with the previous small specimen creep testing techniques.
Specimen geometries and dimensions
The primary objective of this research is to develop the non-destructive small specimen creep testing technique which can be used to assess creep strength and to determine the remaining lifetimes for the high-temperature components using small material samples. The proposed pin-loaded small OBS and the SNS4 are designed to determine the creep strength and the remaining lifetime for the high-temperature engineering components, using small material samples. The OBS type (see Figures 4 and 5) and SNS4 (see Figures 6 and 7 ) have simple geometries, therefore they can be easily manufactured using, for example, electric discharge machining (EDM). The OBS specimen dimensions are defined by L o , b, d, h, R and k, where L o is "bar" length, i.e. the distance between the centres of the loading pins in the loading direction, b is the bar width, d is the specimen thickness, h is the specimen height, R is the radius of the loading pins and k is the length of the loading pin supporting end, as shown in Figure 4 . The small OBS is designed to replace the uniaxial creep test specimen (see Figure 3) when there is not enough material available for testing. The OBS is capable The pin-loaded small one-bar specimen (OBS) shape and dimensions, where L o is the distance between the centres of the loading and constraining pins (~(5-13) mm), K is the supporting material behind the loading pins (~(2-4) mm), R is the loading pin radius (~(1-2) mm), b is the bar thickness (~(1-2) mm), d is the specimen depth (~(1-2) mm) and h is the specimen height (~(3.5-7) mm). of obtaining uniaxial creep strain and creep rupture data using small material samples. The OBS is unlike other small specimen creep testing techniques, it is capable of obtaining the full creep strain-time curves, i.e. primary, secondary and tertiary regions, similar to the strain-time curves obtained from the uniaxial creep test specimens.
Most of the high-temperature components in the power plants operate under multiaxial stress state condition and not just under uniaxial condition, therefore the multiaxial stress state for the material needs to be defined in order to obtain accurate creep assessment for the components. Traditionally the Bridgeman notched specimen is used (see Figure 8 ) to determine the multiaxial stress state parameter; however, in many cases the material available for creep assessment is not enough to manufacture this specimen type; the proposed SNS4 specimen can be used instead in such cases. The SNS4 dimensions are defined by L o , r, b, d, h, R and k, where L o is "bar" length, i.e. the distance between the centres of the loading pins in the loading direction, r is the small notch radius, b is the bar width, d is the specimen thickness, h is the specimen height, R is the radius of the loading pins and k is the length of the loading pin supporting end, as shown in Figures 6 and 7 . Most of the components operating under creep condition are subject to multiples stresses, not only stresses in the directions of X-Y coordinate, but also subject to stresses in many other directions, normally referred to as the multiaxial stress. The SNS4 has been designed to obtain only the multiaxial stress state parameter for the high-temperature material. The multiaxial stress state parameter for the material at a particular temperature can be obtained by comparing the SNS4 experimental failure times with the corresponding finite element (FE) analyses failure time; this procedure has been explained and published in Ref. [14] .
Data conversion method
Stress and strain for uniaxial specimens
To determine the stress level for the conventional uniaxial creep test specimen, the applied load is divided by the cross-section area of the specimen, i.e.
where σ is the nominal stress, P is the applied load and A is the cross-section area, i.e. A = πr 2 , for the case of 
and
where L 1 is the original gauge length (GL), L 2 is the new length after the extension, Δ c is creep displacement and ε c is creep strain. However, in this case where non-conventional creep specimen (e.g. the small OBS) is used, these two relationships, i.e. eqs (1) and (2), cannot be used, because of two reasons: (i) The specimen is loaded using loading pins, therefore the applied load will be transferred to the specimen bar (the uniform part L o ) through the loading pin supporting material, i.e. dividing the applied load P by the specimen bar cross-section area (A) will not be equal to the nominal stress ðσ nom Þ in the specimen bar.
(ii) The deformation in the OBS supporting material behind the loading pins makes the OBS strain higher than the conventional creep specimen strain for the same GL (L o ). The creep deformation in the OBS case is a combination of two deformations, i.e.
Lo is the dominant creep deformation in the specimen bar and Δ c k is the additional deformation in the supporting material behind the loading pins. These two issues have been solved using the reference stress method (RSM) and the FE analyses method.
Creep deformation and RSM
For some components and loading modes, it is possible to obtain analytical expressions for steady-state creep deformation rates, _ Δ ss [14] [15] [16] [17] . For a material obeying Norton's power law, i.e. _ ε c = Aσ n , these show that the general form is
where f 1 (n) is a function of the stress index, n, f 2 (dimensions) is a function of the component dimensions and σ nom is a conveniently determined nominal stress for the component and loading. By introducing an appropriate scaling factor, α, for the nominal stress, eq. (3) can be rewritten as
Choosing α ( = η) so that f 1 (n)/(η) n is independent (or approximately independent) of n, then eq. (4) can be further simplified, i.e.
where D is the so-called reference multiplier 
Determination of reference parameters
If an analytical solution can be obtained, substituting two values of n in the expression f 1 (n)/η n and equating the two resulting expressions allow the value of η to be determined. Hence, σ ref = ðησ nom Þ and D can be obtained. This approach was proposed by MacKenzie [18] . However, analytical solutions only exist for a small number of, usually, relatively simple components and loadings. If 
Equivalent gauge length
For a conventional uniaxial creep test, the creep strain at a given time is usually determined from the deformation of the GL. If the GL elongation is Δ and the elastic portion is neglected,
For non-conventional small specimen creep tests, an equivalent gauge length (EGL) [6] [7] can be defined, if the measured creep deformation can be related to an equivalent uniaxial creep strain, in the same form as that of eq. (7a), i.e.
The EGL is related to the dimensions of the specimen and in some cases may be related to the time-dependent deformation of the test specimen. The creep strain and creep deformation given in eq. (7b) may be presented in a form related to the reference stress, σ R , i.e.
in which D ( = βd) is the reference multiplier, which is, in fact, the EGL for the test. In some cases, the geometric changes, due to the specimen creep deformation with time, are small (e.g. for impression creep tests), and in such cases, the effects of geometric changes on D (EGL) can be neglected. From eq. (8), an expression for the minimum creep strain rate can be obtained, i.e.
in which _ ε c is the minimum creep strain rate and _ Δ c is the minimum creep displacement rate.
Summary of the SNS4 and the OBS test procedure
The OBS testing method is based on the principle of converting the specimen load line displacement, displacement rate and displacement-time curves, to the corresponding uniaxial strain, strain rate and strain-time curves, using conversion relationships defined by eqs (6), (8) and (9) . The conversion relationships, which are used to convert the specimen displacements and displacement rate to equivalent uniaxial strains and strain rate, are functions of specimen dimensions and deformations. The OBS and the SNS4 can be loaded using four loading pins, two of them are used to constrain the specimen and the other two are to apply tensile loading to the specimen as shown in Figures 5 and 7 . The loading pins have to be attached to the loading machine using flexible joint, in order to allow good alignment to be achieved during the loading application. The loading fixtures generally have a much higher stiffness, compared to the specimen, and are generally manufactured from a material which has a much higher creep resistance than the tested material. The OBS and the SNS4 testing methods can be summarised as in the following points: 1. Small material samples are removed from the component surface or from the critical small regions, such as the HAZ or weld metal (WM) of weld, this small material sample is used to manufacture the SNS4 or the OBS. 2. Determine the conversion factors β and η, using FE analyses method for the particular OBS dimensions. 3. The OBS and the SNS4 are loaded using a tensile loading P, the load magnitude for the OBS is calculated for the required stress using η value for the specimen and specimen dimensions, i.e. eq. (6) . For the SNS4 the applied load can be determined based on the required stress and the notched region dimensions. 4 . The specimens are creep tested at the same practical operating temperature and stress levels much higher than the operating stress, this is to make the specimen fail in a shorter time. 
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5. The deformation of the SNS4 and the OBS is recorded throughout the test until the failure of the specimens. 6. The OBS deformation is converted to the corresponding uniaxial strain and strain rate using β value for the specimen and the conversion relationship, i.e. eqs (8) and (9). 7. These data then can be used to determine the creep strength for the components or the remaining lifetime, also it can be used to determine the creep constants for any creep model.
Finite element analysis Material behaviour models
Norton's material model, i.e. _ ε c = Aσ n , was used in the FE analyses to obtain the minimum strain rate (MSR) for the OBS and the steady-state displacement rate ð _ Δ c ss Þ. This model was also used to determine the reference stress parameters β and η for the OBS. The Liu and Murakami model [19] is used to obtain full deformation-time creep curves for the OBS, the constitutive damage equations proposed by Liu-Murakami, i.e. eqs (10) and (11), introduce a damage parameter, ω, to represent the creep damage in the material. This model consists of a pair of coupled creep/damage equations, i.e. 
The rupture stress σ r , can be represented by eq. (12):
Integration of eq. (11), under uniaxial conditions, leads to
Also creep strain increments, for the uniaxial case, can be calculated using the following relationship:
where
where ω is the damage parameter (0 < ω < 1), with ω = 0 (no damage) and ω = 1 (failure); the material constants A, n, M, χ and q 2 can be obtained by curve fitting to the uniaxial creep curves [14] . The material creep constants for P91 and P92 steels at 650°C, which are used in the FE analyses for the Liu and Murakami model, were reported in Ref. [14] . The FE analyses were carried out using the ABAQUS software package [20] .
Specimen modelling
Three-dimensional FE analyses were carried out for the OBS using meshes which consist of 20-noded brick elements. Because of the symmetry, it was only necessary to model one quarter of the specimen and half of the specimen thickness, d, as shown in Figure 10 . The boundary conditions, i.e. u x = 0 on plane A, u y = 0 on plane B and u z = 0 on plane C, are also indicated in Figure 10 . The specimen is loaded and constrained through four loading pins which are assumed to be "rigid" in the FE model. The applied load for the OBS was calculated for the required stress using eq. (6). FE analyses have been carried out to obtain full creep deformation-time curves using the OBS and the Liu and Murakami model. 
Determination of the reference stress parameters for the OBS
The FE analyses were used to determine the conversion factors η and β for the OBS. Accurate determination of the conversion factors allows the EGL and the corresponding uniaxial stress for the specimen to be accurately obtained. Using a Norton material model, i.e. _ ε c = Aσ n , FE analyses were performed to obtain the steady-state deformation rates between the loading pins for a range of n values, i.e. (n = 8.2, n = 8.4, n = 8.6, n = 8.8, n = 9, n = 9.2). Similar to Figure 11 , the steady-state deformation rates between the loading pins, _ Δ À Á n , where P is the applied load. As only quarter of the specimen is used in the FE analyses and half of the specimen thickness, (see Figure 10 ), the obtained minimum deformation rates have to be doubled and the nominal stress will be ð Þ n practically independent of n is the required η value for the particular OBS geometry and dimensions. This value corresponds to the solid, horizontal line in Figure 11 . The value of β can then be obtained from the intercept of the same solid line in Figure 11 , with the vertical line, i.
n . This procedure is described in more detail in Ref. [14] . Using the same procedure the conversion factors, i.e. η and β, were fund to be 0.99 and 1. 
Validation
Initial validation of the OBS testing technique was carried out using 3D-FE analyses and Norton's law, to assess the accuracy of the conversion relationships, i.e. eqs (6) , (8) and (9), and the conversion factors, i.e. η and β. The OBS steady-state deformation rates were obtained numerically using FE analyses for several n values, using Norton's model and FE analyses. The specimen steady-state deformation rates were converted to the MSR using eq. ( Figure 12 ;remarkably good correlation is found between the two sets of results.
To obtain a full deformation-time creep curve from the OBS, a continuum damage material behaviour model of Liu and Murakami has been used in the FE analysis, using the material constants for P91 and P92 steels at 650°C [19] .Two high-temperature materials have been used in the validation, P91 and P92 steels, these materials are used extensively in the power plant pipework. For P91 five uniaxial creep tests have been performed at constant temperature of 650°C, under five stress levels, 70, 83, 87, 93 and 100 MPa. For P92 steel four uniaxial creep tests at constant temperature of 650°C have been performed, under four different stress levels 110, 120, 130 and 
Discussion
One of the main advantages of the OBS over other small specimen creep testing techniques is that, the specimen is capable of obtaining full creep strain-time creep curve using small material samples, such as the scoop samples removed from component surface from small material regions such as the HAZ of weld. The HAZ region is a very narrow region between the parent material (PM) and the WM, and there is no straight line boundary between the WM and HAZ also between the PM and the HAZ. Therefore, distinguishing the HAZ region from the WM and PM could be challenging. The OBS allows easy capturing of this region, because the OBS has very flexible design, the bar thickness (d) and depth (b) can be increased or decreased as required, in order to capture only the HAZ region, without increasing the risk of having significant deformation in the loading pin supporting material. This will allow accurate determination of the material creep properties. The OBS is unlike the TBS [14] where the loading pin supporting material behind the loading pins has to be large to avoid significant deformation; in the OBS the loading area, i.e. the contact area between the loading pins and the specimen, is relatively large in comparison to the bar cross-section area. This allows the OBS and the SNS4 to be machined from even smaller material samples; the specimens can be manufactured from the slides of materials removed, for example, from the HAZ region. The small notched specimen with four loading pins OBS
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